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Abstract 
This paper presents a novel method for assessing the maximum allowable PV generation on low voltage feeders. It identifies a 
relationship between load, total feeder impedance, terminal count and PV generation at which the upper voltage limit for the line is 
breached. Identifying such a relationship alleviates the need for Distribution Network Service Providers (DNSPs) to perform load flow 
calculations on a case by case basis. It also increases a DNSP’s understanding of power flow in low voltage feeders and potentially 
enables them to develop improved strategies for managing PV on their networks. Using feeder models provided by a DNSP servicing 
the Australian city of Sydney’s Greater West region, a substantial number of load flow calculations were performed for wide variations 
in feeder impedance, load and PV generation. The PV generation range is chosen such that a breach of the upper voltage limit occurs on 
the line. The feeder voltage profile from these simulations are analysed in Matlab to determine PV generation limits. For evenly 
distributed PV and load, results show a linear relationship between this PV generation limit and load for a given terminal count and a 
second relationship between the PV generation limit and terminal count. It is then demonstrated that through the combination of these 
two relationships the PV generation limit can be determined for a given load, terminal count and total feeder impedance. 
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1. Introduction 
The deployment of PV is increasing rapidly around the world [1]. Australia is no exception and installed PV capacity 
there is approaching 5% of total installed generation capacity. In Australia’s case the vast majority of this increased 
deployment is small scale (< 5 kW) systems connected to the low voltage network [2]. Around one in ten Australian 
households now has such a PV system. The increase in PV penetration levels is introducing additional variation in what 
are already highly variable network power flows, increasing the difficulty for network utilities to maintain voltage levels 
between regulated limits. Seasonal and daily variability and uncertainty in both load, particularly peak load, and PV 
generation complicates matters further. 
For these and other reasons, there is a growing need for tools to assist DNSPs in managing this increase in PV 
penetration [3]. The purpose of this study is to establish a generalised relationship between feeder impedance, load and PV 
generation limits for a group of residential feeder types within the network of a Distribution Network Service Provider 
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(DNSP) servicing a 24,500 km square area in the Australian city of Sydney’s Greater West region. The method for 
establishing the relationship is general and can be applied to any radial network. The PV generation limit is defined in this 
paper to be the level of PV generation a feeder can accommodate before the upper voltage limit is breached for a given 
load along the feeder.  
The relationship is ascertained through analysis of the feeder voltage profile acquired from a large number of load flow 
calculations. DIgSILENT is used to perform these simulations, using feeder models provided by the DNSP, while Matlab 
is used to analyse the data and summarise the results. The feeder types within the DNSP network of relevance to this study 
are all residential urban, semi-rural and rural lines given that virtually all PV deployed in Australia to date has been small 
systems of less than 5kW, located on residential housing. Using the feeder model provided by the DNSP as a template, the 
total feeder impedance (the X/R ratio of the feeder is kept constant), load and PV generation are varied across a large 
range, and a load flow calculation performed for each instance. The PV generation range is such that a breach of the upper 
voltage limit at some point across the feeder is ensured. The feeder voltage profile is recorded and the PV generation limit 
determined for each combination of feeder impedance and load. Load and PV generation is assumed to be distributed 
evenly along the feeder for all simulations. Of particular interest to a DNSP is to know the amount of PV generation a 
feeder can host without causing a breach of the upper voltage limit. A load flow calculation would reveal this generation 
limit but only for that particular network case and assumed load and PV profiles. A DNSP’s network typically consists of a 
wide range of feeder types, experiencing highly variable PV and load behaviour. Performing a separate load flow 
calculation to determine the PV generation limit for all cases where PV is being deployed would be a large and costly 
exercise. The scope of the task also increases if a DNSP wants to develop strategy for managing PV on their network. The 
identification of a relationship between feeder impedance, load and maximum PV could relieve the need for the DNSP to 
perform dedicated load flow calculations in every instance, and make strategy development easier. 
Previous work in this area includes [4] in which a mathematically developed expression for calculating the voltage at a 
single point on a line, due to a single PV system, is presented. The results showed that the size limit of the PV system is 
dependent upon position as well as load orientation. In [5], estimation of maximum allowable distributed generation (DG) 
through analysis of voltage sensitivities is presented. It gives accurate results for singular DG installations and suggests an 
approach for multiple installations (responsibility voltage factor) although multiple iterations of the method are required. 
In [6] the PV capacity for a feeder based on the number of participating villages is examined. The key finding is that even 
though the amount of permissible PV per village decreases with increasing village participation, the total amount of 
permissible PV for the feeder increases. Total permissible PV plotted against village participation takes the form of an 
increasing decaying exponential. Work in [7] gives similar results, showing that more PV in aggregate can be installed on 
a feeder when distributed along the line compared to a singular system at the end of the line. In [5], for specific case 
studies, along with confirming that the allowable short-circuit power reduces exponentially with feeder distance, it is also 
shown that maximum PV connection power as a percentage of short-circuit power is independent of cable and transformer 
type. It should be noted that the short-circuit power does vary according to transformer and cable type. In [10], for a 
singular feeder type, a simple equation is derived for estimating the PV generation limit for a given load, transformer 
tapping and power factor. Load and PV is assumed to always be located at the end of the feeder. In [12], the impacts on 
steady-state voltage, voltage variability and regulator tap changes are quantified as a function of PV generation for a 
specific feeder. In [11] and [12], the maximum generation for a singular DG unit is determined. Again, this is for a specific 
feeder configuration. Papers [16] and [17] propose methods for determining the optimum size and location for singular DG 
units and [18]-[22] propose methods for voltage control in the presence of DG. The work presented here extends the 
existing literature by determining PV generation limits for a large range of feeder configurations and loads. Also, the 
network context examined is one of low voltage feeders with multiple, small-scale PV installations. This is representative 
of the situation which causes most concern for Australian DNSPs regarding penetration levels and associated voltage rise. 
Finally, through the large number of load flow simulations that are undertaken, the derivation of a relationship between 
maximum PV generation, terminal count, total feeder impedance and load was possible. This is similar to work presented 
in [10] and [12] but broader in scope. 
The rest of this paper is structured as follows. Section 2 presents the study methodology, the DIgSILENT feeder model 
and the approaches undertaken towards the development of a generalised relationship between feeder impedance, load and 
PV generation. Section 3 presents the findings from the methods described in Section 2 and in Section 4 the merits of the 
generalised relationship are discussed, as well as how it might be improved. Section 5 gives concluding comments. 
Nomenclature 
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Ω  Ohms  
R  Resistance 
X  Reactance 
kW  Kilowatt 
P  Voltage-dependent real power 
Pref  Power at Vref 
V  Voltage (rms) 
Vref  Reference voltage, 230 V 
maxPVcoffset max PV/customer when load/customer equals 0 kW 
maxPVphoffset  max PV/phase when load/phase equals 0 kW 
maxPVphfl max PV/phase * feeder length 
FLoffset   In calculation of maxPVphfl, the feeder offset length 
maxPVphfloffset In calculation of maxPVphfl, maxPVphfl at FLoffset 
tc  Terminal count 
2. Methodology 
2.1. Model 
The DIgSILENT model provided by the DNSP is a generalised example of an urban residential feeder; Fig. 1 below 
gives a schematic of the model. The distribution transformer (DTx) steps down the voltage from 11kV to 400 V and is 
rated at 500 kVA. The 11 kV voltage source is assumed to be stiff and does not change with power flow. The DTx has a 
positive and zero sequence impedance of 4%, the tap setting is such that the phase to neutral voltage at its terminals is 
249.7 V. A setting between 245 V and 255 V is typical for the DNSP, to account for the expected drop in voltage at peak 
load. The feeder cable is three phase, four wire, rated at 1 kA with R=0.707 Ω/km and X=0.284 Ω/km. Supply is at 50 Hz. 
A terminal is the point on the feeder where the customer is connected; each terminal has 2 customers connected. The 
customer connections are single phase, two wire, rated at 1 kA with impedances of R=1.49 Ω/km and X=0.097 Ω/km. The 
length of these connections is 20 m. This example feeder model has 3 terminals, each with 2 customers connected. Each 
customer is assumed to have a PV system and customer loads and PV are distributed evenly across the 3 phases over the 
feeder as a whole. The time-varying behaviour of customer load and PV generation is not modelled in this study so the 
relationship being sought can be thought of as the maximum PV generation injected into the network for a given 
coincident load. Simulations are performed at 200 C. 
This feeder model is a template, and in the attempt to establish a generalised relationship between feeder impedance, 
load and PV generation limit, the number of terminals and distance between terminals (terminal distance) was varied. 
Changing the distance between terminals gives the required change in feeder impedance. In this paper, the terms “feeder 
length” and “terminal distance” can be inferred to mean “impedance”. The X/R ratio of the feeder cable impedance, single 
phase customer connection impedance and the DTx impedance and tap setting is not altered in this study. Voltage 
measurements are made at the feeder terminals 
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Fig. 1 (a) DIgSILENT model of three terminal feeder; (b) Boxed section of Fig. 1 (a) 
All loads are modelled as constant impedance with a power factor of 1. Constant impedance means power drawn is 
proportional to voltage squared, (1).  
 
 ܲ ൌ  ௥ܲ௘௙ሺ ௏௏ೝ೐೑ሻ
ଶ (1) 
 
PV generation is modelled as negative load with a power factor of -1 injecting constant power. Constant power means 
current injected in inversely proportional to voltage, (2). 
 
 ܲ ൌ  ௥ܲ௘௙ (2) 
2.2. DIgSILENT scripting language (DPL) 
The DIgSILENT scripting language (DPL), allows for multiple load flow calculations to be performed for a feeder 
model. Feeder parameters can also be altered for each calculation thus allowing for the execution of multiple load flow 
calculations which cover a large range of feeder parameters. DPL cannot update the number of terminals so models were 
created with terminal counts of 3, 6, 9, 12 and 15. These terminal counts ensured PV and load were balanced across 3 
phases. 15 terminals gave the maximum number of nodes that DIgSILENT allows in the software version available for the 
study. 
2.3. Voltage Profile 
A DPL script was written which updated the load (kW) and PV generation (kW) per customer and terminal distance for 
each load flow calculation, the ranges for these values being: 
x Load: 0-10 kW with 1 kW step size 
x PV Generation: 1-50 kW with 1 kW step size 
x Terminal distance: 5-50m with 5m step size 
For each calculation, the voltage magnitude is recorded for each terminal, giving the voltage profile for the feeder. The 
voltage data was then imported into Matlab. For each load and terminal distance variation Matlab identifies the first breach 
of the upper voltage limit (according to AS61000.3.100 this is 253 V, +10% of the nominal 230 V). With the DTx at 249.7 
V, this is a change of 3.3 V. The PV generation magnitude and voltage profile at this breach point is then analysed. 
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Scrutiny of these results revealed that the highest voltage point always occurred at the end of the feeder. Knowing the 
voltage at the end of the feeder would always reach 253 V first, this voltage was then used as the voltage reference in the 
next step to identify a relationship between load, feeder length and PV generation limit. 
2.4. Investigation into the Relationship between Maximum PV Generation and Load 
With the voltage at the end of feeder indicating the maximum allowable PV generation (max PV), further work 
involved plotting the max PV/customer for a range of customer loads (0-10 kW), terminal distance (5-50 m) and number 
of terminals. Terminal counts were 3, 6, 9, 12 and 15. This work revealed the same linear relationship between max 
PV/customer and load/customer for all terminals counts. 
2.5. Investigation into Relationship between Max PV/Phase, Terminal Count and Feeder Length  
To see how max PV/phase varied according to terminal count, max PV/phase plots were developed for each terminal 
count (3, 6, 9, 12 and 15) with load kept constant at 10 kW/phase while feeder length was increased from 50 m to 1000 m. 
Fig. 2 gives the max PV/phase (kW) curve for each terminal count for 10 kW load/phase. Feeder length range is from 50 
m to 1000 m with 10 m increments. 
 
 
Fig. 2. Curves for each terminal count showing the max PV/phase (kW) for 10 kW load/phase. Feeder length ranges from 50 m to 1000 m in 10 m 
increments. The top curve is 15 terminals (15T) while the bottom curve is for 3 terminals (3T). 
An increase in feeder length is achieved by increasing the terminal distance. For example, a feeder length of 1000 m 
gives an interval distance of 333 m (1000/3) for a 3 terminal feeder and an interval distance of 67 m (1000/15) for a 15 
terminal feeder. As expected the shorter the terminal interval length the higher the max PV/phase. The lower impedance 
due to the reduced length gives less voltage rise (power flowing towards the DTx) allowing more PV to be installed. There 
is a relationship through which the max PV/phase curve for 6T through to 15T can be derived from the 3T curve. This 
relationship is discussed in Section 3 
3. Results 
3.1. Relationship between Max PV/Customer and Load/Customer 
For a 15T feeder, Fig. 3 shows the relationship between load/customer (0-10 kW) and max PV/customer for a given 
feeder length (50-500 m) required for the end of the feeder to reach the maximum limit of 253 V, a 3.3 V change. 
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Fig. 3 max PV/customer (kW) versus load/customer (kW) for a 15 terminal feeder with feeder length ranging from 50 m to 500 m in 50 m increments. 
The top line is for 50 m and the bottom for 500 m. 
The linear relationship between max PV/customer and load/customer for all terminal counts (3T to 15T) is the same. 
The relationship takes the simple form of 
 
 ݉ܽݔ ܸܲ ܿݑݏݐ݋݉݁ݎΤ ൌ ܥ௩ כ ሺ݈݋ܽ݀ ܿݑݏݐ݋݉݁ݎΤ ሻ ൅݉ܽݔܸܲܿ௢௙௙௦௘௧ (3) 
 
Where maxPVcoffset is the max PV/customer when load/customer equals 0 kW and Cv is a constant equal to 1.2. Note 
that the relationship (3) holds for max PV/phase and load/phase, giving (4) 
 
 ݉ܽݔ ܸܲ ݌݄ܽݏ݁Τ ൌ ܥ௩ כ ሺ݈݋ܽ݀ ݌݄ܽݏ݁Τ ሻ ൅݉ܽݔܸܲ݌݄௢௙௙௦௘௧ (4) 
 
Where maxPVphoffset is the max PV/phase when load/phase equals 0 kW. 
3.2. Relationship between Max PV/phase, Terminal count and Feeder Length  
To further develop the method it was necessary to determine a relationship between max PV/phase and terminal count. 
Referring to Fig. 2, the relationship between the curves is non-linear with respect to feeder length. It was discovered that 
multiplying each curve by feeder length produces a linear plot, see Fig. 4. 
 
 
Fig. 4 max PV/phase*feeder length (maxPVphfl) versus feeder length for terminal count 3 to 15. This plot is a linearised version of Fig. 2. The top plot is 
for 15 terminals and the bottom for the 3 terminals case. 
From Fig. 4, for each plot (3T to 15T), the relationship between feeder length and maxPVphfl has the form: 
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 ݉ܽݔܸܲ݌݄݂݈ ൌ ܥ௩௙௟ כ ൫݂݁݁݀݁ݎ݈݁݊݃ݐ݄ െ ܨܮ௢௙௙௦௘௧൯ ൅ ݉ܽݔܸܲ݌݄݂݈௢௙௙௦௘௧ (5) 
 
Where FLoffset is the feeder offset length (in this case 50 m) and maxPVphfloffset is maxPVphfl at FLoffset. Cvfl is a constant 
equal to 12. The curves (3T to 15T) in Fig. 4 also have a relationship which relates terminal count to maxPVphfl and is 
independent of feeder length. Fig. 5 is simply Fig. 4 with feeder length and terminal count switched and shows that the 
maxPVphfl curves for each feeder length are of the same form. The offset between each curve can be calculated using (5). 
The curves in Fig. 5 have the form: 
 ݂ሺݔሻ ൌ ܥሺͳ െ ݁ି௞௫ሻǡ ݇ ൐ Ͳ (6) 
 
This is the same as discovered in [6] that with increasing village participation (equivalent to terminal count) maximum 
allowable PV generation increased as per an increasing decaying exponential. Referring to Fig. 5, a curve fitting using the 
form of (6) was attempted on the 50 m curve in Fig. 5. The fit was poor so a variation on the increasing decaying 
exponential, (7), was used instead, giving a superior fit. 
 
 ݂ሺݔሻ ൌ ܥ௅ሺͳ െ ݁ି௞௫ሻ െ ܥ௢௙௙௦௘௧ǡ ݇ ൐ Ͳ (7) 
 
Equation (8) gives the fit for the 50 m curve from Fig. 5. 
 
 ݉ܽݔܸܲ݌݄݂݈ ൌ ͸ͺͲͲቆͳ െ ݁ି଴Ǥହଶ൬ቀ
೟೎
య ቁାଷ൰ቇ െ ͶͳͺͲ (8) 
 
Where tc is the terminal count. Through (8) it is possible to determine the max PV/phase for all terminal counts for a 
feeder length of 50 m. When combined with (5) it is possible to calculate the maxPVphfl for any feeder length. Dividing 
maxPVphfl by feeder length then gives the max PV/phase at that feeder length for a 10 kW load/phase. 
 
 
Fig. 5 maxPVphfl versus terminal count. Fig. 4 with feeder length and terminal count switched. Included is the 50 m curve fit. The curves range from 50 
m (bottom) to 500 m (top) in 50 m increments 
Using (5) and (8), the 15T max PV/phase curve (refer to Fig. 2) for 10 kW load/phase was derived. Fig. 6 shows how 
the derived curve compares with the actual 15T curve. The error between the two curves is below 1.2% for all feeder 
lengths 
3.3. Estimation of Max PV/Phase 
Using (4), (5) and (8) it is possible to determine the max PV/phase for any load/phase, feeder length and terminal count, 
given the network configuration and cable assumptions used for this study. For example, in order to estimate the max 
PV/phase for a 15 terminal feeder, with 75 kW load/phase and a length of 200 m the DNSP would first use (8) to 
determine the maxPVphfl for 15 terminal, 50 m long feeder with 10 kW load/phase, getting 2520 kWm. We then use (5) to 
get the maxPVphfl at 200 m, 4320 kWm, and then divide by feeder length (200 m) to get the max PV/phase, 21.6 kW. 
Finally, (4) is used to determine the max PV/phase for 75 kW load/phase, giving 99.6 kW. In DIgSILENT; a load flow 
214   Simon Heslop et al. /  Energy Procedia  57 ( 2014 )  207 – 216 
calculation for a 200 m long, 15 terminal feeder with 99.6 kW PV/phase and 75 kW load/phase gives an end of feeder 
voltage of approximately 252.98 V, confirming the estimation method. 
 
 
Fig. 6 15T curve derived from 3T and original 15T curve. Curves give max PV/phase (kW) for 10 kW load/phase. Feeder length ranges from 50 m to 
1000 m with 10 m increments 
4. Discussion 
As shown in section 3.3, the method by which the max PV/phase is estimated is accurate given the assumptions 
involved, and simple to use. The method does not explicitly consider the dynamics of PV generation and load profiles; 
hence the maximum PV generation relationship is with respect to coincident load. It is also restrictive in that it assumes 
evenly distributed PV and load. Note, however, that the assumption of evenly distributed PV and load has parallels with 
the use by DNSPs of an After Diversity Maximum Demand (ADMD) metric when determining network capacity. ADMD 
is essentially the average demand per customer and is used by DNSPs for network planning. The load/customer and 
PV/customer parameters might, in this context, be considered the average load/customer and average PV/customer. The 
robustness of the tool will be assessed in future work by gradually reducing the diversity of the PV deployment whilst 
maintaining the equivalent average PV/customer and comparing results with those of a detailed model. Therefore, there is 
scope for a more sophisticated method. 
Other potential improvements include taking into account cables with different X/R ratios, non-unity power factor PV 
injection and loads, and different customer connection impedances. Changing the tap setting (voltage) at the DTx would 
also impact on max PV levels. In reference to cable types, there are a limited number (~ 40) within the DNSPs network 
and it would be a relatively straightforward exercise to apply the method for each cable type. It is expected that changing 
the above parameters will yield different values for the constants CL, k, Coffset, Cv and Cvfl. Increasing the sophistication of 
the model will include deriving the relationship between these constants, feeder and customer connection impedance, 
terminal count, maximum allowable voltage and load.  
5. Conclusion 
 The work presented in this paper determining the PV generation limit for a large range of feeder configurations and 
loads extends the existing literature in useful ways. The network context examined is representative of the situation which 
causes most concern for Australian DNSPs regarding penetration levels and voltage rise. Through the undertaking of a 
large number of load flow simulations the derivation of a relationship between maximum PV generation, terminal count, 
total feeder impedance and load was obtained. The PV generation limit is defined to be the level of PV generation a feeder 
can accommodate before the upper voltage limit is breached. It is assumed that all load and PV are evenly distributed 
along the feeder and that load and PV are at unity power factor. The X/R ratio of the feeder cable is kept constant. Under 
the assumptions stated, it was discovered that the upper voltage limit breach always occurred at the end of the feeder. A 
method was then developed using the end of feeder voltage as the voltage reference. It was demonstrated that the method 
effectively and accurately determined the maximum PV generation for a given feeder impedance, terminal count and load. 
The model has the potential to be used by DNSPs to estimate PV generation limits for a wide range of feeders and load 
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profiles, alleviating the need to perform separate load flow calculations for all cases where PV is being deployed. It could 
also be used as a tool in other PV related research, research where estimates of maximum PV levels are required.  
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